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Abstract

Plasma-facing materials (PFMs) for future fusion reactors require advanced mechanical
and thermal properties to withstand the extreme challenges of high heat flux, plasma
exposure, and neutron irradiation. Tungsten is one of the most suitable materials for use
as a PFM in the divertor region. However, considering the high thermal loading/thermal
stress combining plasma exposure and neutron irradiation/embrittlement, one of the major
concerns for tungsten in PFMs is its intrinsic brittleness. To avoid cracking and components
failure, tungsten toughening has been widely investigated, including the development of
tungsten fiber-reinforced tungsten composites (Wf/W) using an extrinsic toughening mech-
anism, which could provide damage resilience against neutron embrittlement. Recently,
a type of aligned long-fiber Wf/W (L-Wf/W) based on a powder metallurgical fabrica-
tion process was developed, demonstrating advanced fracture toughness while retaining
other application-relevant properties. For L-Wf/W, the relatively easy production process
suggests the feasibility and basis of industrialization. This work reports on the initial
progress in industrializing L-Wf/W, with a focus on adapting the lab sintering process
to a sintering process with industrial partner (Dr. Fritsch Sondermaschinen GmbH) and
optimizing the process parameters. To improve the sinterability of tungsten and achieve
higher density, various tungsten powders were explored, including commercial W powders,
bimodal mixtures of different particle sizes, and granulated W powders. At the dedicated
yttria interface, the thickness of yttria coating on the fibers was also optimized to ensure
effective separation between the fibers and the matrix. Series of samples were produced
with different dimensions up to 100 mm × 100 mm × 4 mm. After optimization, samples
with 93% density and desired pseudo-ductility were prepared. Similarly to production in
the lab, a major challenge in this work involved balancing the densification of the tungsten
matrix with controlling fiber recrystallization and mitigating damage to the yttria interface.

Keywords: tungsten fiber-reinforced tungsten composites; production upscaling; field
assisted sintering technology; pseudo ductility; plasma-facing materials

1. Introduction
The development of high-performance plasma-facing materials (PFMs) is a critical

aspect in enabling the long-term operation of future fusion power plants [1]. These materials
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must withstand not only extreme steady-state heat fluxes but also transient thermal loads,
intensive plasma exposure, and high-energy neutron irradiation [2]. Tungsten (W) has been
widely adopted due to its unique combination of properties: high melting point, excellent
thermal conductivity, low sputtering yield, and low tritium retention. As such, tungsten
is currently the baseline material for PFMs in the divertor region of future fusion reactors
such as DEMO and ITER [3].

However, a major limitation of tungsten is its intrinsic brittleness, particularly un-
der the coupled influence of heat flux, radiation-induced embrittlement, and mechanical
stress. These conditions significantly increase the risk of crack formation and catastrophic
failure during operation [4]. To overcome these challenges, various toughening strategies
have been proposed, such as oxide/carbide particle dispersion-strengthened tungsten
(ODS-W/CDS-W) alloys [5,6], tungsten heavy alloys (WHAs) [7], or W-Ta-Cr-V (tungsten–
tantalum–chromium–vanadium) alloys [8]. Among them, tungsten fiber-reinforced tung-
sten composites (Wf/W) have emerged as a promising solution [9,10]. By applying extrinsic
toughening mechanisms—such as crack deflection, fiber bridging, and energy dissipation
at fiber/matrix interfaces—Wf/W can provide pseudo-ductile behavior even after neutron
irradiation [11].

Recent developments have introduced a novel powder metallurgical approach to fabri-
cate aligned long-fiber Wf/W composites (L-Wf/W), offering both high fracture toughness
and compatibility with scalable manufacturing techniques [9]. Central to the effectiveness
of these composites is the controlled introduction of a weak, thermally stable interface—
typically realized with an yttria (Y2O3) coating—between the tungsten fibers and the
tungsten matrix [12]. This interface is essential for activating extrinsic toughening mecha-
nisms, particularly under neutron irradiation where fiber integrity and interface stability
are critical for long-term performance [10].

Despite the proven performance of L-Wf/W in laboratory settings, the transition to
industrial-scale production remains a major challenge. Issues such as powder handling,
mold filling, sintering parameter control, and interface preservation must be addressed to
ensure reproducibility, quality, and cost-efficiency at larger scales.

This paper briefly presents the initial progress in scaling up the fabrication of L-Wf/W
composites from the laboratory to industrial process. It focuses on the adaptation of
the field-assisted sintering technology (FAST) process to larger formats, the optimization
of tungsten powder characteristics, the engineering of fiber–matrix interfaces, and the
production of large composite samples with densification and damage resilience that
lab-scale samples provided.

2. Experimental Section
2.1. Sample Manufacturing

The preparation method for the upscaling process of L-Wf/W is shown in Figure 1,
which is adapted from the method described in [9]. The raw materials used were W weaves
and W powders (at Dr. Fritsch Sondermaschinen GmbH). The tensile strength of the tung-
sten wire used was up to 3000 MPa with a fracture strain above 3% [13]. The W weaves were
woven by the institute of Textile Technology (ITA), RWTH Aachen University, Germany,
using wrap wires with a 150 µm diameter and weft wires with a 50 µm diameter [9]. The W
weaves were designed with a wrap fiber spacing of 200 µm for mechanical reinforcement,
while the weft fibers, spaced at 2 mm, served primarily to stabilize the weave. The W
weaves were cut into a square with a side length of 50 mm.
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Figure 1. Production process of Wf/W for production upscaling. Adapted from [9].

To establish a fiber/matrix interface, the weaves were coated with yttrium oxide
(yttria). Yttria is used here as the interface material due to its excellent thermal and
chemical stability and low neutron activation [14]. The coating was applied using a
magnetron sputtering process with a thickness of 1 µm or 4 µm using a PVD process similar
to that in [9].

A total of 20 layers of coated W weaves were alternated with 21 layers of W powders
in a graphite sintering mold. Approximately 4 g of W powder was evenly spread between
each layer of W weave to cover the weave surface during packing. The weave layers were
orientated in such a way that each layer was perpendicular to the next layer, resulting in a
0–90 ◦ fiber orientations. In this way, the composites have two-directional reinforcement.

The consolidation of the stacked green body was performed with a FAST facility
from industrial partner Dr. Fritsch Sondermaschinen GmbH. The process was carried out
under vacuum (<0.1 mbar) with a heating speed of 100 ◦C/min. The specific production
parameters are shown in Table 1. Square samples were produced as a result using the
Tri-Force system from Dr. Fritsch Sondermaschinen GmbH [15].

Table 1. Samples prepared for parameter and powder optimization.

Sample
No. Powder Temperature

(◦C)
Pressure

(MPa)
Holding

Time (min)
Density

(%)
Initial Yttria Interface

Thickness (µm)
Pseudo

Ductility

1. 50 mm 5 µm 1800 50 5 ~90% 1 limited

2. 50 mm 3 µm 1800 45 5 ~88% 1 limited

3. 50 mm 6 µm 1800 45 5 ~87% 1 limited

4. 50 mm 5 µm 1800 60 10 ~93% 4 yes

5. 50 mm Mixed 3 µm 6 µm,
granulated, 1800 60 10 ~92% 4 limited

6. 100 mm Mixed 3 µm 6 µm,
granulated, 1850 45 10 ~90% 4 -

2.2. Characterization

To investigate the fracture behavior under different production conditions, in situ
3-point bending tests were conducted. The test specimens were prepared follow-
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ing EU standards DIN EN ISO 148-1 and 14556: 2006–2010 [16]. Small-sized speci-
mens with KLST geometry were fabricated with dimensions of 27 mm × 3 mm × 4 mm
(length × width × thickness), a span of 25 mm, a 1 mm V-notch depth, and a 0.1 mm notch
root radius. The specimens were cut using electrical discharge machining (EDM) without
any additional surface or notch treatments. The 3-point bending tests were performed using
an Instron 3342 universal testing machine 2810-400 (Instron GmbH, Darmstadt, Germany)
at a constant testing speed of 1 µm/s.

The microstructure of the Wf/W was analyzed with a Zeiss LEO 982 scanning electron
microscope (SEM, Jena, Germany). The density of the samples was measured using
Archimedes’ principle.

3. Results and Discussion
3.1. Powders and Weaves

In the first batch (Sample Nos. 1–3), we evaluated different tungsten powder types,
varying in average particle size from 3 µm and 5 µm to 6 µm. As shown in Table 1, the
resulting sample densities were ~87–90%, comparable among all three powders, indicating
that the origin and minor variations in particle size had limited influence on densifica-
tion under the applied parameters. However, during the sintering process at 50 MPa,
severe damage to the graphite die tools was observed due to stress localization. This was
attributed to the non-planarity of the tungsten weaves, which hindered homogeneous
powder distribution and introduced local compaction gradients.

To mitigate these issues, the second batch (Sample Nos. 4–6) employed flatter,
re-engineered weaves. A moderate pressure of 45–60 MPa was applied, successfully
avoiding tool damage. This modification enabled the production of larger samples (up
to 100 mm × 100 mm × 4 mm) and improved the achievable density to a maximum of
~93% (Sample No. 4), particularly when increasing both pressure and holding time
during sintering.

Monolithic tungsten plasma-facing components typically require >98% density to
maximize thermal conductivity. However, Wf/W composites follow a different design
principle, where fracture resistance relies on extrinsic toughening mechanisms such as
crack deflection and fiber pull-out. These mechanisms require a controlled weak interface.
Excessive densification conditions, while beneficial for reducing residual porosity, can
degrade the yttria interface and promote fiber recrystallization, thereby suppressing pseudo-
ductility. In this study, ~93% density provided the balance between matrix consolidation
and interface functionality. However, lower density may reduce thermal conductivity and
influence retention behavior. Future work will focus on further increasing densification
while preserving pseudo-ductile behavior through optimized sintering parameters and
powder selection.

3.2. Interface and Mechanical Properties

The integrity of the fiber/matrix interface is critical for the activation of extrinsic
toughening mechanisms in Wf/W composites. SEM analysis (Figure 2) revealed significant
differences in interface preservation across the samples. Sample Nos. 1 and 2, sintered at
lower pressure and with thinner yttria coating (1 µm), exhibited almost complete loss of the
interfacial layer. In contrast, Samples Nos. 4 and 5—processed using thicker yttria coatings
(4 µm)—retained a distinguishable interface.

Notably, 5 µm powders demonstrated improved interface preservation compared
to the Dr. Fritsch powders if we compare the fiber interface region of Sample No. 4 to
No. 5 and Sample No. 1 to No. 2 (Figure 2b–e). This could be due to the fine powders
being more aggressive to the interface layers [17]. Fine powders can significantly influence
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the interaction at the interface during high-temperature sintering, and subsequently the
mechanical response [18].

 

Figure 2. Typical microstructure: (a) overview of Sample No. 4; (b) fiber region of Sample No. 4;
(c) fiber region of Sample No. 5; (d) fiber region of Sample No. 1; (e) fiber region of Sample No. 2.

Three-point bending tests were performed to assess the pseudo-ductile behavior of
the samples (Figure 3). Among all samples, as also indicated in Table 1, only Sample No. 4
showed signs of pseudo-ductility. All other samples exhibited limited damage tolerance,
primarily characterized by limited loading capability after matrix failure.

Figure 3. Typical mechanical behavior of Sample No. 2, No. 4, and No. 5 with 3-point bending test
on pre-notched KLST-type geometry (27 × 4 × 3 mm3); the displacement of curve No. 2 and No. 5
are shifted left to avoid curve overlap.
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The suboptimal performance of most samples can be attributed to two dominant
factors: (i) degradation or loss of the interfacial layer, particularly in samples with thinner
yttria coatings; and (ii) fiber embrittlement caused by recrystallization and grain growth
(due to inadequate protection from a damaged interface) and possibly by impurities in
the industrial-grade processing (i.e., C) [19,20]. The increased C impurities have been
confirmed using a combustion test after the sintering.

These observations are consistent with the fracture surface analysis (Figure 4), where
Sample No. 4 still shows ductile fiber deformation and effective interface debonding. In
contrast, Sample No. 5 primarily exhibits brittle fiber fractures, despite partial interface
debonding. The outer shell of the fibers appears to have recrystallized [21].

 

Figure 4. Fracture section of Sample No. 4 (a,b) and No. 5 (c,d) after 3-point bending test.

4. Summary
The first attempt at industrial-scale production of L-Wf/W composites successfully

demonstrated the feasibility of transferring lab-scale results to a larger manufacturing for-
mat. Comparable densification (~93%) and mechanical behavior were achieved using opti-
mized processing parameters. Among the samples produced, Sample No. 4—manufactured
with 5 µm powders and a 4 µm yttria interface—exhibited the most promising combination
of high density and pseudo-ductile behavior. These developments mark a significant step
toward the future application of Wf/W in fusion-relevant components:

• The flatness of the tungsten weave strongly influences powder distribution and helps
prevent tool damage during sintering.
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• Slight adjustments in powder particle size showed only a minor influence on the
resulting sample density.

• Finer powders exhibited increased aggressiveness toward the yttria interface, leading
to its degradation and adversely affecting mechanical performance.

• A thicker interface layer is essential for maintaining interfacial integrity during sin-
tering and for enabling extrinsic toughening mechanisms such as fiber debonding
and pull-out.

• Fiber embrittlement, observed in some samples, may result from recrystallization
due to insufficient interface protection and possible contamination from industrial
powders. This requires further investigation.

• Larger-format samples up to 100 mm × 100 mm × 4 mm were successfully fabricated,
forming a solid foundation for further mechanical optimization and qualification
under fusion-relevant testing conditions.
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